The emerging concept of mechanical meta-materials has received increasing attention during the last few years partially due to the advances in additive manufacturing techniques that have enabled fabricating materials with arbitrarily complex micro/nano-architectures. The rationally designed micro/nano-architecture of mechanical meta-materials gives rise to unprecedented or rare mechanical properties that could be exploited to create advanced materials with novel functionalities. This paper presents an overview of the recent developments in the area of mechanical meta-materials. Extremal materials that are extremely stiff in certain modes of deformation, while extremely soft in other modes of deformation are discussed first. Penta-mode, dilational, and other auxetic meta-materials are all discussed within the context of extremal materials. Negative meta-materials are presented next with special focus on materials with negative compressibility and negative stiffness. Ultra-property meta-materials are the topic of the following section that covers ultra-light, ultra-stiff, and ultra-tough materials. Finally, the emerging areas of research in mechanical meta-materials including active, adaptive, programmable, and origami-based mechanical meta-materials are reviewed. This paper concludes with some suggestions for future research.
Introduction
The mechanical properties of natural materials span a specific, limited range. A clear example is Poisson's ratio. Poisson's ratio of most engineered and natural materials known to date is positive with some notable exceptions. 1 Moreover, the mechanical and physical properties of most natural materials are related to each other. For example, the elastic modulus and density (and thus porosity) of specific classes of materials including most cellular materials are related to each other through a power law. 2 These constraints limit the design space and practical applications of natural materials. It is therefore desirable to develop materials that could exhibit an arbitrarily chosen set of mechanical and physical properties. Mechanical meta-materials aspire to do just that. Meta-materials are often made of purposefully designed micro-architectures that give rise to the desired set of mechanical properties. Since the mechanical properties of meta-materials are dependent on their micro/nano-scale structure, the design of meta-materials reduces the rational design of the micro/ nano-scale structure that gives rise to the desired mechanical properties. In the spectrum from pure natural materials that possess intrinsic mechanical properties to large-scale structures that are characterized by highly design-specific structural properties, meta-materials are somewhere in between. When zooming in to look at their micro/nano-scale behavior, meta-materials behave more like structures. However, the overall homogenized behavior of meta-materials resembles that of materials. The homogenized macro-scale properties are, of course, highly dependent on the micro/nano-scale structure that could be designed such that the resulting meta-materials exhibit an unusual, rare, or unprecedented range of physical and mechanical properties.
Meta-materials were initially used in the context of optics and electromagnetism. [3] [4] [5] [6] [7] That is why the term meta-material is sometimes understood as a specific term referring to optical and electromagnet meta-materials. The concept of ''mechanical meta-materials'' has emerged during the last few years and is relatively less explored. Specific classes of mechanical meta-materials were already known since a few decades ago. For example, the concept of auxetic materials (materials with a negative Poisson's ratio) has been known to scientists for a few decades and specific examples of such materials have been observed, built, tested, and reported. 1 Many other classes of meta-materials with an unusual set of mechanical properties have been recently identified through a systematic study of the possible range of mechanical properties that could be obtained through geometrical design of micro/nano-architectures.
In this paper, we will particularly focus on meta-materials with a rare or unprecedented range of elastic mechanical properties including both the linear elastic behavior described by the elasticity tensor and the nonlinear behavior observed in the large deformation range. In what follows, we will explore the different categories of mechanical meta-materials including extremal materials, negative materials (i.e. materials with negative moduli), and some emerging classes of meta-materials including the active/programmable meta-materials and meta-materials based on the ancient Japanese art of paper folding (i.e. origami). We will conclude by suggesting some likely directions for future research.
Extremal materials
Extremal materials were introduced by Milton and Cherkaev in 1995 8 and are defined as materials that are extremely stiff in certain modes of deformation, while extremely compliant in other modes. The eigenvalues of the elasticity tensor determine the behavior of extremal materials under any given mode of deformation and are either very large (i.e. approach infinity) or are very small (i.e. approach zero). A very small eigenvalue indicates that the material is very compliant when subjected to deformation in the direction (i.e. eigenvector) corresponding to that particular eigenvalue. Extremal materials can therefore be categorized based on their number of very small eigenvalues of the elasticity tensor. If an extremal meta-material has only one very small eigenvalue, it is called unimode. If it has two, three, four, or five very small eigenvalues, it is called bimode, trimode, quadramode, or penta-mode, respectively. 8 Milton and Cherkaev 8 showed that specific combinations of two phasesone very complaint and the other very stiff -could be used to fabricate extremal materials. The extremal materials could then be combined to fabricate materials with any given elasticity tensor that satisfies the usual thermodynamics admissibility criteria (i.e. materials with positive definite elasticity tensors). 8 This is an important result, because in addition to composite materials that could combine very compliant and very stiff materials, one could simply use 3D printing techniques to achieve any material with positive definite elasticity tensors simply by combining void space (i.e. very complaint material) with a stiff 3D-printed material (e.g. metals and metallic alloys). Two specific categories of extremal materials, namely penta-mode meta-materials and dilational materials, have received particular attention in the literature and will be discussed below.
Penta-mode meta-materials
Penta-mode meta-materials have five very small eigenvalues, meaning that they are very compliant in five out of six principal directions. This translates to a very large bulk modulus, B, as compared to their shear modulus, G. Very large values of the bulk modulus mean that the volume of penta-mode meta-materials does not change as a result of deformation, which is the same as saying that the Poisson ratio of meta-materials is 0.5. Very small values of the shear modulus mean that ideal penta-mode meta-materials will immediately flow away, a behavior which is similar to fluids and has earned penta-mode meta-materials the name 'meta-fluids'.
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A specific design of penta-mode meta-materials was proposed by Milton and Cherkaev in 1995, 8 in which beams with a specific type of variable cross-section, i.e. two conical beams attached to each other at their bases, were arranged in a diamond-type lattice structure (Fig. 1 ). This type of penta-mode lattice structure was not realized until 2012 when Wegener and co-workers used 3D printing techniques to fabricate and test approximations of the penta-mode meta-materials from polymers. 9 The 3D printed meta-materials at the micro-9 or macro-scale 10 are all approximations of the ideal penta-mode meta-materials, because the apex of the cone has a finite diameter in actual realizations of penta-mode meta-materials as opposed to the zero diameter in the ideal penta-mode. Generalizations of penta-mode meta-materials to anisotropic cases 11, 12 and to Bravais lattice structures other than diamond 13 have also been reported.
A specific point about lattice structures based on penta-mode meta-materials is that any stress flowing through the lattice structure has to be transferred through the apex of the cones. 14 Increasing the diameter of the cone therefore has a minimal influence in terms of increasing the stiffness of the lattice structure, while significantly influencing the mass density of the lattice structure. The mass density of penta-mode meta-materials could therefore be decoupled from their stiffness. This is different from most porous materials and lattice structures where there is a power law relationship (the so-called Ashby plot 15 ) between the mass density and the elastic modulus of the structure.
The specific properties of penta-mode meta-materials make them attractive for several applications. For example, they could be used for steering elastodynamic waves in specific directions so as to achieve the equivalent of optical cloaking for acoustic waves. 9, 10 The fact that the elastic modulus and mass density (or porosity) of penta-mode meta-materials can be changed independently from each other makes them useful for extending the design space when designing porous tissue engineering scaffolds where the pore size and porosity have consequences in terms of cell attachment, cell nutrition/oxygenation, and rate of tissue regeneration. 16, 17 Moreover, by combining penta-mode meta-materials within the same lattice structure, one could make lattice structures with any positive definite elasticity tensor. 8 This makes penta-mode meta-materials a general framework 18 Other examples include granular materials. 19 
Dilational and other auxetic meta-materials
The relationship between the bulk modulus, B, shear modulus, G, and Poisson' ratio, n, of isotropic materials can be written as follows:
Both B and G are often assumed to be positive to ensure that the material is thermodynamically stable, which is the same thing as saying that the elasticity tensor needs to be positively definite (see the previous section). For B and G to be positive, Poisson's ratio has to vary between À1 and 0.5. We have seen the case of n = 0.5 in the previous section on penta-mode metamaterials where the bulk modulus is extremely high and the shear modulus is extremely low. The opposite of this condition occurs when we take the other extreme of the Poisson's ratio values, i.e. n = À1. In this case, the bulk modulus is extremely small as compared to the shear modulus and the extremal material is called a dilational material. It is important to note that dilational materials are basically a specific case of unimode extremal materials. Intuitively, the shape of dilational materials remains the same regardless of how much deformation they undergo. 20 It is only their size that changes. In other words, dilational materials are merely scaled as a result of deformation. Based on the above, penta-mode and dilational meta-materials can be seen as the opposite of each other. Various structures are proposed for creating dilational metamaterials. Milton has recently reviewed dilational structures and has offered some new examples of dilational meta-materials. 21 The earlier designs of dilational materials were based on sliding surfaces, 22 while later models [18] [19] [20] [23] [24] [25] [26] used various other constructions of which one is presented in Fig. 2 . Cabras and Brun 19 enumerated a number of compressible materials whose shape is difficult to change including certain molecular structures [27] [28] [29] and re-entrant foams.
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Materials with negative Poisson's ratio are broader than only dilational materials. Indeed, any material with a negative Poisson ratio is called an auxetic material. The term 'auxetic' originates from the Greek word 'auxeis' that means 'to increase and grow'. 19 According to Cabras and Brun, 19 this term was first used by Evans 32, 33 to describe materials that expand in the direction perpendicular to the tensile loading direction. Auxetic materials are perhaps the most widely studied meta-materials, see e.g. ref. [34] [35] [36] [37] [38] [39] [40] [41] . An excellent review paper has been recently published that covers the different aspects of auxetic materials and their properties. 1 Auxetic materials in general and dilational materials with the permission of AIP Publishing) (a) and the first metallic penta-mode meta-material based on the same design and manufactured at Additive Manufacturing Laboratory of TU Delft using selective laser melting (Medical Delta r de Beeldredacteur) (b). in particular have improved resistance against damage, as a result of their capability to distribute stress over a larger part of the material. 19 Cabras and Brun 19 summarized the useful properties of auxetic materials such as improved indentation resistance and better acoustic/vibration properties and discussed the areas where auxetic materials are applied including an ''efficient membrane filter with variable permeability, fasteners, shape memory materials and acoustic dampers''.
Negative meta-materials
Negative meta-materials are meta-materials with negative moduli such as the negative bulk modulus or negative elastic modulus. Exhibiting negative moduli is a whole new level of anomaly in the mechanical behavior of meta-materials compared to what we have seen up to now. That is because we have so far assumed that the elasticity tensor should be positive definite, which means that both the bulk modulus and the shear modulus should be positive. This condition has been considered the necessary condition for an elasticity tensor to be thermodynamically admissible for many years by most researchers studying continuum mechanics. The thermodynamic argument behind this condition is that negative compressibility or negative stiffness results in unstable materials. Materials with negative compressibility or negative stiffness have been, nevertheless, observed under various experimental conditions. Such materials could have many applications, if their stability can be ensured. Lakes and Wojciechowski 42 argued that even though an unconstrained material with negative moduli may not be stable, a constrained material with negative moduli can very well be stable. They argued that the elasticity tensor of constrained materials does not need to be positively definite in order to be stable, as the requirements for the stability and uniqueness of the solution are strong ellipticities in the case of constrained materials. 42 Strong ellipticity imposes the following less stringent conditions for stability:
They further argued that there are no convincing arguments from the thermodynamics viewpoint to the effect that additional restrictions on the boundaries of admissible moduli are required to guarantee the stability of a constrained material. 42 Some other researchers have argued that negative moduli such as negative compressibility are possible even for unconstrained materials. 43 The negative properties of materials include negative thermal expansion that has been identified in many oxides 44, 45 and cellular solids 46 but are not discussed here, because this paper mostly focuses on the pure mechanical behavior of meta-materials.
Negative compressibility
The most general definition of compressibility distinguishes between three types of compressibilities, namely line, area, and volume compressibility. Line, area, and volume compressibilities are, respectively, defined as the change in the length, the area, and the volume of a material under hydrostatic pressure. Negative compressibility basically means that a material expands in response to hydrostatic pressure. Depending on the number of dimensions along which the expansion occurs, the material may have a negative length, area, or volume compressibility. The thermodynamic arguments mentioned above regarding the negative compressibility mostly refer to the volume compressibility. Length and area compressibility may be admissible even within the conventional context of thermodynamic restrictions. Crystals with negative line and area compressibility have been identified 47 including recent discovery of negative linear compressibility in methanol monohydrate, which is a relatively simple molecular crystal and shows negative linear compressibility along with negative and anisotropic thermal expansion. 48 In addition to crystals, a number of other systems exhibit negative compressibility that could be categorized into four major categories. 49 In the first category of these materials, the geometry of cellular structures is the cause of negative compressibility. 50, 51 For example, hexagonal honeycombs show negative linear compressibility in 2D, 50 while lattice structures made from an elongated hexagonal dodecahedron are 3D geometries that exhibit negative Poisson's ratio and negative compressibility.
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Tetragonal beam structures also show negative linear compressibility. 47 The second category of meta-materials with negative compressibility owes this property to the combination of two materials with different mechanical properties. An example of such an engineered material has been presented by Gatt and Grima. 43 The same researchers proposed a truss-type structure composed of multiple materials. 52 The proposed structure shows negative linear compressibility and in some cases even negative area and volumetric compressibilities. The negative compressibility of the third category of such materials is caused by specific constraints. 42, 53 Finally, bulk materials that could potentially exhibit negative compressibility have recently received attention. 54, 55 Particular types of (bi-stable) potential functions could cause negative compressibility in such materials. The important point about this last category of materials is that negative compressibility is a property of the bulk material and not the way the geometry of the material is organized. The research on this type of material has been so far largely theoretical. Studies that report negative volumetric compressibility are relatively rare. Most instances of negative volumetric compressibility mentioned above are reported in theoretical or computational studies. In an interesting study where negative volumetric compressibility was clearly observed, open-cell foams were pre-strained under hydrostatic pressure (Fig. 3) . 56 Beyond E20% strain, the specimens expanded as the hydrostatic pressure increased, clearly showing negative volumetric compressibility. 56 Several applications have been proposed for materials with negative compressibility 49, 54, [57] [58] [59] including protection of sensors and other sensitive instruments in deep ocean applications when compression needs to be avoided, 57,58 study of muscles, 59 and micro-electro-mechanical systems. View Article Online deformation. Materials with negative stiffness, on the other hand, deform in a direction opposite to the direction of the applied force and form an assisting force, thereby assisting the deformation. Negative stiffness materials therefore experience larger deformations as compared to positive stiffness materials, when subjected to comparable loading conditions. That is the reason materials with negative stiffness are assumed to be unstable unless they are constrained. Materials with negative stiffness can, however, be combined with or embedded within positive stiffness materials or be otherwise constrained for stabilization. In a number of studies, [60] [61] [62] [63] Lakes and co-workers have shown that combinations of materials with positive and negative stiffness offer extraordinary properties such as extremely high damping coefficients. Perhaps the simplest system that could show negative stiffness is a planar beam buckled under compression. 64, 65 A force applied laterally could reduce the lateral deflection of the buckled beam and even restore the original non-buckled shape of the beam. Increasing the lateral force further will cause the beam to deflect in the opposite direction. There are exactly three states where maintaining the position of the beams requires no lateral force: both buckled states of the beam in two possible directions and the original straight position of the beam. There is, however, a fundamental difference between the buckled states of the beam on the one hand and the original position of the beam on the other hand. The first two positions are the stable equilibriums of the system, meaning that slight perturbations around these positions create forces that restore the equilibrium. The original position is, however, unstable, meaning that a slight perturbation will cause the system to move further and further away from this equilibrium. If the lateral force is replaced by a constraint, one can see that the beam immediately snaps through to a new shape, once the constraint is removed. This snap-through behavior is the hallmark of negative stiffness systems. 65 The behavior described above can be explained in terms of the potential energy of the deflected beam. If the potential energy of the deflected beam is plotted as a function of the applied lateral force, 64 it shows three extremum points corresponding to the three above-mentioned states of the buckled beam. 66 The first derivative of the potential function with respect to lateral displacement is zero in all of these extremum points. The second derivative of the potential function with respect to displacement, which equals the stiffness of the system is, however, different for the stable and non-stable equilibrium points of the system. While the second derivative is positive for both buckled states of the beam, it is negative for the original non-buckled position. The buckled positions of the beam, thus, correspond to the local minima of the potential function, while the original non-buckled position corresponds to a local maximum of the potential function. In addition to systems with buckled states that are known to exhibit negative stiffness, other materials with negative stiffness have been reported in the literature. Many of the materials that exhibit negative stiffness are associated with some types of bi-stable (having two stable states) and snap-through behaviors. For example, materials that undergo volume-change phase transformation such as barium titanate 67 or ferroelastic materials such as vanadium dioxide 62 could show the negative stiffness behavior primarily due to their energy storing capability. In addition, new types of negative stiffness behavior, e.g. ''discontinuous buckling'', 68 continue to be discovered in systems that comprise buckled elements. One of the most important applications of negative stiffness materials is achieving high damping and high stiffness at the same time. The commonly used engineering materials with high stiffness usually do not have high damping ratios, while engineering materials with high damping ratios are generally compliant. It is therefore very challenging to achieve both properties at the same time. One solution would be to make composites of both types of materials to achieve both properties to some extent. For example, polymeric materials with a high damping ratio may be reinforced with stiff inclusions that increase the stiffness of the composite. The problem is that the stiffness and damping coefficients of these composites will be somewhere between those of their constituting materials. The solution proposed by Lakes and co-workers [60] [61] [62] was to embed negative stiffness materials as inclusions in a positive stiffness matrix. Since negative stiffness materials are unstable on their own, their inclusion in a positive stiffness matrix ensures their stability. Indeed, it has been shown that the presence of a sufficiently stiff matrix could stabilize a composite containing negative stiffness inclusions. 69 On the other hand, the resulting composite is shown to achieve very high damping coefficients and stiffness values that by far exceed those of the constituting materials. [60] [61] [62] Materials that simultaneously have high damping coefficients and high stiffness could be used for applications such as vibration isolation. Another somewhat related application is the use of metamaterials for transformation acoustic applications such as acoustic cloaking that we discussed also in the context of penta-mode meta-materials (see Section 2.1). Meta-materials with negative stiffness together with other categories of metamaterials that show anisotropic and negative effective mass tensors are shown to offer clear advantages for acoustic cloaking and other transformation acoustic applications. 70, 71 Materials with extremely high stiffness values can be made with a particular arrangement of negative stiffness and positive stiffness elements. 65, 72 If a negative stiffness material with the stiffness k À were used in series with a positive stiffness material with the stiffness k + , the equivalent stiffness of the construction
When the absolute values of the positive and negative stiffness materials approach the same value, the equivalent stiffness of the combined system approaches infinity that in practice means extremely high stiffness values. However, the series construction of negative and positive stiffness materials is unstable and needs to be stabilized for practical applications. 65 Kochmann and Milton have recently presented some mathematically rigorous bounds for the elastic moduli of the composites that incorporate negative stiffness constituents. Those boundaries need to be respected in order to make sure that the composites are stable. 73 Many more applications of negative stiffness materials could be found in the literature including vehicle vibration protection systems, 74, 75 seismic protection of structures, 76 and rail-road vibration isolation. 77 
Ultra-property meta-materials
An ideal material for many structural applications would simultaneously possess two or more of the following properties: high stiffness, high strength, high toughness, and low mass density. Due to their conflicting nature, it is difficult or impossible to combine some of the above-mentioned properties in most engineering materials used for structural applications today. For example, it is well known that there is a conflict between toughness and strength. 78 Biological materials such as nacre can achieve high stiffness, high strength, and high toughness all at the same time due to their hierarchical and ''staggered microstructure''. 78, 79 Learning from nature, many researchers have been recently trying to develop meta-materials with rationally designed architectures that give rise to ultra-stiff, ultra-strong, ultra-tough, and ultra-light meta-materials. Ashby plots (Fig. 4) are useful tools that could be used for comparing the properties of different materials with each other and for choosing/designing the right material for any given application. For example, the elastic modulus of materials could be plotted vs. mass density or strength could be plotted vs. toughness. Ashby plots allow for easy comparison of different (categories of) materials and for putting the properties of ultraproperty meta-materials in perspective. Some examples of ultraproperty meta-materials recently reported in the literature are presented here for demonstration. More examples can be found in the literature.
Meza et al. recently demonstrated ultra-strong and ultra-light meta-materials made from ceramics using two-photo lithography, atomic layer deposition, and oxygen plasma etching at the nanoscale. 80 Despite being made from a brittle material, i.e. alumina, the nano-lattices exhibited recoverable deformation even when the meta-materials were compressed beyond 50% strain. 80 The specific architecture of the lattices and the thickness to the radius ratio of the hollow tubes that made the nano-lattices were found to govern the mechanical behavior of those meta-materials. 80 Jang et al. reported very high strength values up to 1.75 GPa in a related study that used rationally designed meta-materials for achieving ultra high values of mechanical properties. 81 The integrity of meta-materials was preserved after undergoing multiple loading cycles. Finally, Zheng et al. reported meta-materials with ''a nearly constant stiffness per unit mass density'' 82 (Fig. 4) . The stiffness of most materials rapidly decreases as the mass density approaches smaller values. The micro-lattices presented in the study by Zhang et al. 82 showed an almost constant stiffness per unit mass density even when the mass density was reduced by three orders of magnitude (Fig. 4) . 82 This is a remarkable combination of high stiffness and low density that has been rarely observed elsewhere.
Emerging areas
Previous sections covered the various categories of mechanical meta-materials with a clear focus on their elastic behavior in general and elasticity tensor in particular. In this section, we 
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will present a number of emerging paradigms in design, manufacturing, and analysis of mechanical meta-materials that have received a lot of attention recently and were not covered in the previous sections.
Active, adaptive, and programmable meta-materials
Three recurrent themes in active, adaptive, and programmable meta-materials are the use of soft materials, large deformations, and instability. Various designs of mechanical meta-materials have been proposed using clever combinations of the three above-mentioned concepts with rationally designed geometries that could, for example, harness the instability of soft materials in the nonlinear deformation range so as to achieve unprecedented or rarely seen properties and functionalities.
Extending the considered range of deformations to the large deformation range is a distinct feature of this type of study. This is a necessity and opportunity once soft materials are used for design and manufacturing of mechanical meta-materials. The first natural question to ask is 'what kind of material property can be realized in the nonlinear range of deformation?' Although no clear answer similar to what was presented for the elastic range 8 can be given for the nonlinear range, general approaches based on topology optimization have been presented for designing materials that demonstrate prescribed properties in the finite deformation range. 83 Active and programmable mechanical meta-materials are concepts that have primarily emerged from research on the instability regimens of soft and patterned materials. Extreme levels of programmability based on blocks that could perform mathematical operations such as spatial differentiation, integration, and convolution have been achieved in electromagnetic meta-materials. 84 Although the same level of programmability is yet to be shown for mechanical meta-materials, the idea of active and programmable meta-materials has spread to the mechanical meta-materials community too. Cellular solids made from soft materials and confined laterally are found to show some level of programmability in their mechanical behavior as well as multi-stability and ''giant hysteresis''. 85 Switching, activating, adapting, or regulating the mechanical behavior of meta-materials and their associated functionalities are the main purposes of another category of meta-materials. Prescribing and controlling the instability modes of metamaterials is the most widely used strategy for achieving those purposes. Two-and three-dimensional cellular soft solids are often used for regulating the instability behavior of materials [86] [87] [88] [89] ( Fig. 5) , because the geometry of the pores and their sizes could be used not only for changing the instability thresholds but also for regulating the instability types and patterns sometimes fully independent of the mechanical properties of the bulk material from which they are made. 90 Various instability patterns and the way they break the applicable symmetries lead to distinct mechanical properties and functionalities. If one could, for example, control the instability modes of a (multi-stable) metamaterial or at least prescribe it through the rational design of the cellular structure, one could control the functionality of the metamaterial and activate specific modes of instability when required.
That is the main idea behind the design of active/adaptive metamaterials which is often supplemented with other novel approaches such as coupled gyroscopes on a lattice 91 or utilizing the so-called ''soft modes'' that function as possible building blocks for smart soft actuators. 92 
Origami-based meta-materials
The ancient Japanese art of paper folding has recently emerged as a new design and manufacturing paradigm that could be used for different applications including self-folding robots, 93 medical stents, 94 active and deployable structures, 95 and mechanical meta-materials. 96 In these applications, the concept of ''paper'' is extended to include various types of initially flat materials that could be folded or activated to self-fold to a desired (threedimensional) shape. Depending on the design of the crease and folding patterns, the resulting folded three-dimensional structure will have different geometries, mechanical properties, and functionalities. A sub-category of origami structures, called rigid origami, has so far received the most attention. In rigid origami, the folding lines could be considered as kinematic joints. Therefore, the process of folding a particular ''paper'' to the desired origami shape reduces to a kinematic process with a number of constraints. The different parts of the paper joined Fig. 5 Some design of cellular soft matter shows instability thresholds and instability patterns that could be fully controlled by geometry regardless of the mechanical properties of the bulk materials from which they are made. 90 In this specific design, the instability patterns may be sidebuckling (a) or compaction (b) depending on the shape of the pores. An instability map could be used to relate various geometrical parameters to the instability patterns (c) (Reprinted from ref. 90) .
by the kinematic joints are assumed to remain undeformed as a result of the applied folds. Pure origami always starts from a square sheet of paper and is supposed to complete without any in cuts in the paper or any use of glue. However, many practical applications of the origami concept relax those constraints. A closely related concept called kirigami allows for cuts to be made to the paper. Miura-ori origami is perhaps the most widely studied type of origami structures (Fig. 6) . Mechanical meta-materials created based on (some variants of) the Miura-folded origami have been, for example, shown to exhibit negative (in-plane) Poisson's ratios. [96] [97] [98] Some variants of the Miura-ori origami have been used for developing reprogrammable mechanical meta-materials. 99 Another study has shown that specific designs of Miura-ori origami tubes could be used for obtaining stiff and reconfigurable mechanical meta-materials. 100 Origami-like structures have shown to demonstrate some other features of mechanical meta-materials such as bi-stability 101 and multi-stability. 102 Overall, combining the features of origami structures such as low weight, design flexibility, and alternative manufacturing possibilities with the anomalous properties shown by mechanical meta-materials is a promising area of research that is expected to deliver new categories of meta-materials and novel features not seen in other types of mechanical meta-materials.
Future directions
The emerging areas discussed in the previous section present a roadmap for the future directions of research on mechanical meta-materials for years to come. In particular, extending the study of the mechanical behavior of mechanical meta-materials to the nonlinear range of deformations and to soft meta-materials is expected to receive more attention during the next years. There seems to be a general consensus in the community that there are many possible designs of soft nonlinear meta-materials that have not been discovered yet and could present opportunities for researchers. The advances in 3D printing and additive manufacturing techniques have also provided research opportunities that may be explored by many researchers in the coming years. Many of the designs of meta-materials discussed in the previous sections were only studied theoretically or computationally. The widespread availability of advanced 3D printing and additive manufacturing machines and services should enable researchers to realize the previously proposed theoretical concepts and experimentally observe the mechanical behavior of the resulting meta-materials. Of particular importance are multi-material 3D printing techniques that could start new paradigms in the design of mechanical meta-materials. For example, the spatial distribution of materials with different mechanical properties could be combined with rationally designed micro-architecture when designing mechanical meta-materials. 3D printing of soft materials is another emerging area that could further enrich the possibilities for design and manufacturing of active, adaptable, and programmable meta-materials.
In addition to 3D printing, other design and production paradigms such as origami and kirigami need to be further explored. A number of very innovative designs of mechanical meta-materials based on those concepts have been already proposed and more novel concepts are expected to result from further research in those directions.
Another aspect that has not received much attention is the fatigue behavior of mechanical meta-materials. The vast majority of previous studies have focused on the static, quasi-static or specific types of dynamic behaviors of mechanical meta-materials. However, actual use of mechanical meta-materials for structural applications requires a thorough study of their fatigue behavior, which is proposed as a possible avenue for future research.
Overall, the years ahead are expected to be exciting years for research on mechanical meta-materials given the widespread availability of advanced design techniques such as topology optimization and the ever increasing possibilities offered by a wide range of rapidly evolving additive manufacturing techniques. View Article Online
